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Abstract 



> 

X. 

H ' We derive bounds on Higgs and gauge-boson anomalous interactions using 

the CDF data for the process pp 777 + X. We use a hnearly reahzed 
SUl{2) X C/y(l) invariant effective Lagrangian to describe the bosonic sec- 
tor of the Standard Model, keeping the fermionic couplings unchanged. All 
dimension-six operators that lead to anomalous Higgs interactions involving 
7 and Z are considered. We also show the sensitivity that can be achieved 

for these couplings at Fermilab Tevatron upgrades. 
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We certainly expect the Standard Model (SM), despite its astonishing success in describ- 
ing all the precision high energy experimental data so far [|1], to be an incomplete picture 
of Nature at high energy scales. In particular, the Higgs sector of the model, responsible 
for the spontaneous electroweak symmetry breaking and for mass generation, is not fully 
satisfactory since it has to be introduced in an ad hoc fashion. Furthermore, this scalar 
sector has not yet been experimentally verified. 

Although we do not know the specific model which will eventually supersede the SM, we 
can always parametrize its effects at low energies by means of an effective Lagrangian 
that involves operators with dimension higher than four, containing the relevant fields at low 
energies and respecting the symmetries of the Standard Model. The effective Lagrangian 
approach is a model-independent way to describe new physics that can occur at an energy 
scale A much larger than the scale where the experiments are performed. 

The effective Lagrangian depends on the particle content at low energies and here we will 
consider the possibility that the Higgs boson can be light, being present in the higher dimen- 
sional operators, in addition to the electroweak gauge bosons. Hence we will use a linearly 
reahzed SUl{'2.) x f/y(l) invariant effective Lagrangian to describe the bosonic sector 
of the Standard Model, keeping the fermionic couplings unchanged. The new interactions 
can alter considerably the low energy phenomenology. For instance, some operators can give 
rise to anomalous H'-yj and HZ'-y couplings which may affect the Higgs boson production 
and decay 0. 

It is important to notice that, since the linearly realized effective Lagrangian relates 
the modifications in the Higgs couplings to the ones in the vector boson vertex p,|^J^, the 
search for Higgs bosons can be used not only to study its properties, but also to place bounds 
on the gauge boson self-interactions. This approach is more efficient when the analysis is 
performed for decays of the Higgs boson that are suppressed in the SM, such as -fT — > 77 
that occurs only at the one loop level, and are enhanced by new anomalous interactions. 

Events containing two photons plus additional missing energy, photons or charged 
fermions represent a signature for several models involving physics beyond the SM such as 
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some classes of supersymmetric models [^. Recently, the CDF collaboration have reported 
the search for the signature 77 + X, where X = jets, leptons, gauge bosons {W, Z, 7) or 
just missing energy in pp collisions at ^/s = 1.8 TeV |0. Their analysis indicates a good 
agreement with the expectations from the Standard Model (SM). In this way, they were able 
to set limits on the production cross section a{pp —>■ 77 + X) in particular in the light 
gravitino scenario. 

In this work, we point out that the experimental search for 777 events contained in the 
CDF analysis can place constraints on new physics in the bosonic sector of the SM. For 
instance, associated Higgs-7 boson production, with the subsequent decay of the Higgs into 
two photons can yield this signature. In the SM, the decay width if ^ 77 is very small 
since it occurs just at one-loop level ||^. However, the existence of new interactions can 
enhance this width in a significant way. These anomalous Higgs boson couplings have also 
been studied before in Higgs and Z boson decays , in e~^e~ PJTO[| , pp [|ll[] and 77 colliders 



. Here we shall show how to bound these new couplings by analyzing their effects on the 
process pp —>■ '-f-ff + X at the Fermilab Tevatron. 

In order to write down the most general dimension-6 effective Lagrangian containing 
all SM bosonic fields, i.e. 7, W^, and H, we adopt the notation of Hagiwara et al. 
0]. This Lagrangian has eleven independent operators in the linear representation that are 
locally SUl{2) x f/y(l) invariant, C and P even. We discard the four operators which affect 
the gauge boson two-point functions at tree-level and therefore are strongly constrained by 
LEP measurements. We also do not consider the three operators that modify only the Higgs 
or vector boson self-interactions, since they are not relevant for our calculations. We are 
then left with four independent operators, and the Lagrangian is written as, 

£eff = -^SM + ifwwOww + IbbObb + fwOw + IbOb) , (1) 

with the operators Oi defined as, 

Oww = ^^W^,W^^^ 

Obb = $^4.^^^^$ (2) 



Ob = (D^<f)^fi^'^(D.$) , 

where $ is the Higgs field doublet, 5^,, = i{g'/2)B^^, and Wf,„ = i{g /2)(y"-W^^, with B^,y 
and W^jj being the field strength tensors of the U{1) and SU(2) gauge fields respectively. 

Anomalous -^77, HZ'y, and HZZ couplings are generated by (|1|), which, in the unitary 
gauge, are given by 

£H = gn.yHA.^A'^'' + g^^.^A.^Z^d'' H + g'^^l^HA.^Z^^ 

+ g^^\zZ,.Z^d^H + g^^lzHZ.^Z'^'^ , (3) 

where A{Z)^j, = d^A{Z)i, — duA{Z)^. The effective couplings gn-yi, gnzv 9h'z'z 
related to the coefficients of the operators appearing in (0) through. 



- - [-^) ^ 

(1) _ (gMw\ s{fw - fs) 
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,(2) 



V A2 ; 2c 



(z, fgMw\s[2s'^fBB-'2c^fww] f.s 

9Wz, = j , (4) 

(1) _ (gMw\ c^fw + s^fs 

9hZZ -[ ) 

(2) _ _ (gMw \ S^fBB + C^fwW 

9hzz- [ ^2 ) 2c^ 



with g being the electroweak coupling constant, and s(c) = sin(cos)^iy. 

The calculation of the reaction pp 777 was performed using the Helas package lO 



We have constructed new subroutines in order to incorporate the anomalous contributions. 
The irreducible background subprocesses qq '-f-ff for q = u, d, s were generated by 
MadGraph and the new contributions were included. In this way, all the anomalous 



contributions and their respective interference with the SM were evaluated. We convoluted 



this subprocess cross sections, using a Monte Carlo integration [|l^], with the corresponding 
parton distributions using the MRS (G) [|16| set of proton structure functions with the scale 
given by the parton-parton center-of-mass energy. 



The CDF Collaboration search for anomalous 77 events has included events that 
have two photons in the central region of the detector {\ri\ < 1), with a minimum transverse 
energy of 12 GeV, plus an additional photon with Et > 25 GeV. The photons were required 
to be separated by an angle larger the 15°. After applying these cuts, no event was observed, 
while the expect number from the background is O.liO.l in the 85 pb~^ collected. Therefore, 
at 95 % CL this experimental result implies that the signal should have less than 3 events. 
The efficiency of identification of an isolated photon is 68 ±3%, for Et > 12 GeV, and grows 
to 84 ±4%, for Et > 22 GeV. We have taken into account these efficiencies in our estimate. 

It is important to notice that the dimension-six operators (|l]) do not induce 4-point 
anomalous couplings like ZZ77, ^'777, and 7777, being these terms generated only by 
dimension-eight and higher operators. Since the production and decay of the Higgs boson 
also involve two dimension-six operators, we should, in principle, include in our calculations 
dimension-eight operators that contribute to the above processes. Notwithstanding, we 
can neglect the higher order interactions and bound the dimension-six couplings under the 
naturalness assumption that no cancelation takes place amongst the dimension-six and - 
eight contributions that appear at the same order in the expansion. 

We start our analysis by examining which are the bounds that can be placed on the 
anomalous coefficients from the negative search of 3 photon events made by the CDF Col- 
laboration. We start by assuming that the only non-zero coefficients are the ones that 
generate the anomalous -^77, i.e., /bb and fww- Our results for the 95% CL exclusion 
region in the plane fBB>^ fww, obtained from the CDF data, are presented in Fig. |l|. For 
fBB = — fww the anomalous contribution to H'yy becomes zero, independently of the values 
of fw and fs, and the bounds become very weak in this region. 

As mentioned above, the coupling H'yy derived in Eq. (|[) involves fww and fBB- In 
consequence, the anomalous 77 signature is only possible when those couplings are non- 
vanishing. The couplings fs and fw, on the other hand, affect the production mechanisms 
for the Higgs boson. In order to reduce the number of free parameters one can make the 
assumption that all blind operators affecting the Higgs interactions have a common coupling 
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/, i.e. f = fw = fs = fww = Jbb = f ilflJl- In this scenario we can relate the Higgs 
boson anomalous coupling / with the LEP conventional parametrization of the vertex WWV 



{V = Z, 7) can be written as, 



a = = ttH/* = J ■ (5j 

Table | shows the 95% CL allowed region of the anomalous couplings in the above 
scenario. As could be expected, these bounds become weaker as the Higgs boson mass 
increases. We also show the related bounds in a = a^,!, = a^y* in Table |T|. 

We now extend our analysis to the upgraded Tevatron collider. We first study the possible 
improvements in the kinematical cuts in order to get better sensitivity to the anomalous 
coefficients. First of all, we order the three photons according to their transverse energy, i.e. 

> > Et^, and we adopt a preliminary cut of E^^ > 12 GeV and |?7j| < 1, for all the 
three photons. In Fig. H, we show the transverse energy distribution for the three photons 
for ^/s = 2 TeV. Comparison is made between the SM background and the new anomalous 
distribution for / = 100 TeV^^, and for a Higgs boson mass of 100 GeV. 

These distributions strongly suggest that a cut on the transverse energy of the most 
energetic photon with a simultaneous cut in transverse energy of the two softest photons 
can improve the sensitivity. We tried two sets of cuts: (a) Et-^ > 40 GeV while -E't2,3 > 25 
GeV, and (b) Ej-^ > 40 GeV, with E^jg > 12 GeV. Cut (a) leads to a large background 
reduction of a factor 5.5 but it also reduces the number of signal events by a factor two 2. 



So the significance of the signal over the background {S = Ai'signai/y A^Background) is enhanced 
only by 17%. Cut (b) however leads to a smaller background rejection of a factor of 2 without 
significantly changing the signal. The significance is now improved by a factor of 41%, so 
we present our results considering this set of cuts. We always require the photons to be in 
the central region of the detector (|?7j| < 1) where there is sensitivity for electromagnetic 
showering. In our estimates we assume the same detection efficiency for photons as the 
present CDF efficiencies given above. 

After applying the cuts, we obtain the 95% CL exclusion region in the plane /bb x fww 
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shown in Fig. ||. We have assumed that the upgraded Tevatron colhder will reach a centre- 
of-mass energy of ^/s = 2 TeV with an integrated luminosity of 1 fb~^, in the Run II, and 
of 10 fb~^, in the TeV33 run [|18|. Again, the fsB = —fww line is unbounded since the 
anomalous contribution to H'-ff is zero in this case. 

In Table |, we present the 95% CL limit of the anomalous couplings when all couplings 
are taken to be equal, for different Higgs boson masses. The associated bounds in a = 
= aw<!> are also shown in Table |T|. These bounds are comparable with the preliminary 
results of the combinations of measurements from the individual LEP and D0 experiments 
||T9| , aB<;> = — O.OS^toJo) and aw'p = ~0.03l;o;og. The comparison is to be taken with a pinch 
of salt as the LEP-D0 bounds are given for only one coupling different from zero while our 
bounds hold for aB<s> = 

Summarizing, in this work we have estimated the limits on anomalous dimension-six 
Higgs boson interactions that can be derived from the investigation of three photon events 
at the Fermilab Tevatron. We have used the present data from the CDF collaboration and we 
have estimated the attainable sensitivity at the upgraded Tevatron. Under the assumption 
of equal coefficients for all anomalous Higgs operators, these bounds also lead to limits on 
triple-gauge-boson couplings. 

ACKNOWLEDGMENTS 

We would like to thank Alexander Belyaev for very useful discussions. This work was 
supported by Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq), and 
by Fundagao de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP). 



7 



REFERENCES 



[1] See, for instance, G. Altarelli, preprint CERN-TH.97-278, |hep-ph/9710l3l and refer- 
ences therein; 

H. Aihara et ai, Summary of the Working Subgroup on Anomalous Gauge Boson Inter- 
actions of the DPF Long-Range Planning Study, to appear in "Electroweak Symmetry 
Breaking and Beyond the Standard Model", edited by T. Barklow, S. Dawson, H. Haber 
and J. Siegrist, [hep-ph/9503425| ; 



Z. Ajaltuoni et ai, "Triple Gauge Boson Couplings", in Proceedings of the CERN 
Workshop on LEPII Physics, edited by G. Altarelli et al, CERN 96-01, Vol. 1, p. 525 
(1996), |hep-ph/960 12331 ; 



T. Barklow et ai, Summary of the Snowmass Subgroup on Anomalous Gauge Boson 
Couplings, to appear in the Proceedings of the 1996 DPF/DPB Summer Study on New 
Directions in High-Energy Physics, June 25 — July 12 (1996), Snowmass, CO, USA, 
hep-ph/96Hl54l . 



[2] S. Weinberg, Physica 96A (1979) 327; see also H. Georgi, Weak Interactions and Modern 
Particle Theory (Benjamim/Cummings, Menlo Park, 1984) and J. F. Donoghue, E. 
Golowich and B. R. Holstein, Dynamics of the Standard Model (Cambridge University 
Press, 1992). 

[3] W. Buchmiiller and D. Wyler, Nucl. Phys. B268 (1986) 621; C. J. C. Burgess and H. J. 
Schnitzer, Nucl. Phys. B228 (1983) 454; C. N. Leung, S. T. Love and S. Rao, Z. Phys. 
31 (1986) 433; A. De Riijula, M. B. Gavela, P. Hernandez and E. Masso, Nucl. Phys. 
B384 (1992) 3. 

[4] K. Hagiwara, S. Ishihara, R. Szalapski and D. Zeppenfeld, Phys. Lett. B283 (1992) 
353; idem, Phys. Rev. D48 (1993) 2182. 

[5] K. Hagiwara, R. Szalapski and D. Zeppenfeld, Phys. Lett. B318 (1993) 155. 



8 



For a recent review on the phenomenological aspects of supersymmetry see for instance: 
X. Tata, in the Proceedings of the IX Jorge Andre Swieca Summer Schooh Particles 
and Fields, Sao Paulo, Brazil, report UH-51 1-872-97, and [hep-ph/9706307 . 



[7] F. Abe et al, CDF Collaboration, |hep-ex/980lCnra| (1998). 



[8] J. Ellis, M. K. Gaillard, D. V. Nanopoulos, Nucl. Phys. B106 (1976) 292; M. A. Shifman, 
A. I. Vainshtein, M. B. Voloshin, V. I. Zakharov, Sov. J. Nucl. Phys. 30 (1979) 711. 

[9] K. Hagiwara and M. L. Stong, Z. Phys. 62 (1994) 99; B. Grzadowski and J. Wudka, 
Phys. Lett. B364 (1995) 49; G. J. Gounaris, F. M. Renard and N. D. Vlachos, Nucl. 
Phys. B459 (1996) 51; W. Kilhan, M. Kramer and P. M. Zerwas, Phys. Lett. B381 
(1996) 243. 

[10] S. M. Lietti, S. F. Novaes and R. Rosenfeld, Phys. Rev. D54 (1996) 3266; F. de Campos, 
S. M. Lietti, S. F. Novaes and R. Rosenfeld, Phys. Lett. B389 (1996) 93. 

[11] F. de Campos, M. C. Gonzalez- Garcia and S. F. Novaes, Phys. Rev. Lett. 79 (1997) 
5210; M. C. Gonzalez-Garcia, S. M. Lietti and S. F. Novaes, Phys. Rev. D (in press). 

[12] G. J. Gounaris, J. Layssac and F. M. Renard, Z. Phys. 69 (1996) 505; G. J. Gounaris 
and F. M. Renard, Z. Phys. 69 (1996) 513. 

[13] H. Murayama, I. Watanabe and K. Hagiwara, KEK report 91-11 (unpublished). 

[14] T. Stelzer and W. F. Long, Comput. Phys. Commun. 81 (1994) 357. 

[15] G. P. Lepage, J. Comp. Phys. 27 (1978) 192. 

[16] A. D. Martin, W. J. Stirling, and R. G. Roberts, Phys. Lett. B354 (1995) 155. 

[17] G. Gounaris et ai, "Triple Gauge Boson Couplings" in Proceedings of the CERN Work- 
shop on LEP II Physics, ed. G. Altarelh et ai, preprint CERN 96-01, Vol. 1, p. 525 
(1996) 



9 



[18] D. Amidei et al, Future Electroweak Physics at the Fermilab Tevatron: Report of the 
TeV-2000 Study Group, preprint FERMILAB-PUB-96-082 (1996). 



[19] See the public LEP TGC web page: http : //www . cern . ch/LEPEWWG/tgc/ 



10 
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FIG. 1. Exclusion region outside the curves in the Jbb x fww plane, in TeV~^, based on the 
CDF analysis and Tevatron upgrades of 777 production, assuming Mh = 100 GeV. The curves 
show the 95% CL deviations from the SM total cross section. The outermost curves are based on 
the CDF analysis, the intermediate curves on the Tevatron Run II analysis, and the innermost 
curves are based on the Tevatron TeV33 upgrade. 
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FIG. 2. Transverse momentum distribution of the three photons for -s/s = 2 TeV, for the SM 
background (dotted line) and for the anomalous contributions (full line). We have taken Mh = 100 
GeV, and /j/A^ = 100 TeV-^. 
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TABLES 



Mif(GeV) 


//A2(TeV-2) 




CDF 


Tevatron Run II 


Tevatron TeV33 


100 


( -61.7 , 64.5 ) 


( -23.2 , 23.3 ) 


( -13.7 , 13.9 ) 


120 


( -75.5 , 76.9 ) 


( -25.0 , 25.0 ) 


( -14.4 , 14.5 ) 


140 


( -92.0 , 93.2 ) 


( -29.1 , 29.5 ) 


( -15.3 , 15.7 ) 


160 


( -113 , 115 ) 


( -34.0 , 35.8 ) 


( -16.1 , 17.8 ) 


TABLE I. The minimum and maximum values (min, max) of //A^, at 95% CL, from 777 
production at CDF and Tevatron upgrades, assuming that all /j are equal. 


MniGeV) 






CDF 


Tevatron Run II 


Tevatron TeV33 


100 


( -0.197 , 0.206 ) 


( -0.074 , 0.075 ) 


( -0.044 , 0.044 ) 


120 


( -0.212 . 0.2 IG ) 


( -0.080 . 0.080 ) 


( -0.0-16 . O.O-IG ) 


140 


( -0.294 , 0.298 ) 


( -0.093 , 0.094 ) 


( -0.049 , 0.050 ) 


160 


( -0.362 , 0.368 ) 


( -0.109 , 0.115 ) 


( -0.052 , 0.057 ) 



TABLE II. The minimum and maximum values (min, max) of a = as$ = aw^-, at 95% CL, 
from 777 production at CDF and Tevatron upgrades, assuming that all fi are equal. 
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